Drug-delivery systems with a unique capability to respond to a given stimulus can improve therapeutic efficacy. However, development of such systems is currently heavily reliant on responsive polymeric materials and pursuing this singular strategy limits the potential for clinical translation. In this report, with a model system used for drug-release studies, we demonstrate a new strategy: how a temperatureresponsive non-toxic, volatile liquid can be encapsulated and stored under ambient conditions and subsequently programmed for controlled drug release without relying on a smart polymer. When the stimulus temperature is reached, controlled encapsulation of different amounts of dye in the capsules is achieved and facilitates subsequent sustained release. With different ratios of the liquid ( perfluorohexane): dye in the capsules, enhanced controlled release with real-time response is provided. Hence, our findings offer great potential for drug-delivery applications and provide new generic insights into the development of stimuli drug-release systems.
INTRODUCTION
Drug-delivery systems with a unique capability to respond to a given stimulus can improve therapeutic efficacy and hold great promise as smart materials for drug delivery and controlled-release applications [1] [2] [3] . However, development of such systems is currently heavily reliant on responsive polymeric materials [4, 5] that are responsive, for example, to enzymes [6] , light [7] , temperature [8] , calcium [9] and ultrasound [10] . Such systems usually incorporate responsive elements, e.g. micelles, vesicles and hydrogels, and have been designed to undergo conformational or phase changes in response to a given stimulus, providing controlled release of a therapeutic substance from a polymer matrix [8, 11] . The ability of these polymeric carriers to encapsulate, protect and facilitate controlled release provides a means of regulating pharmacokinetics and improving therapeutic efficacy.
Some crucial disadvantages are linked with the use of responsive polymers and these can limit their utility in biomedical applications. For example, there is very little practical potential to use salt-responsive capsule systems in the human body owing to the absence of variation in ionic strength and their low-release efficiency [12] . The radiation of light may cause damage to organisms and normal cells, and its penetration depth is weak in tissues [13, 14] . Furthermore, toxic by-products and the biocompatibility of responsive polymers may be a significant impediment to the development of these delivery systems and for patient use [15, 16] . Thus, fabrication of new stimuli capsule systems is very important to speedily enable their application in drug delivery.
In this report, perfluorohexane (PFH) is used as the responsive element in a new stimulus drug-delivery system independent of the action of smart polymers. Such non-toxic, biocompatible fluorinated compounds have been used in clinical applications such as liquid ventilation and ultrasound contrast enhancement [17] [18] [19] , and for exchange encapsulation [20] . PFH is a low surface tension (12 m Nm 21 ) biologically inert liquid at normal ambient temperature and can be easily transformed to its gaseous phase on account of its high volatility and high oxygen solubility [21] . Our aim was to integrate PFH into a core-shell structure and then investigate how the stimulus effects can be controlled by temperature variation.
MATERIALS AND METHODS

Materials
Polymethylsilsesquioxane (PMSQ) powder was provided by Wacker Chemie AG, GmbH; PFH was obtained from F2 Chemicals Ltd, and they were used without further treatment. Both materials are chemically stable and biocompatible. Ethanol was provided from BDH Laboratory Supplies and was used to prepare PMSQ solutions. PMSQ was dissolved in ethanol with magnetic stirring in a conical flask for 1800 s at 228C to ensure full miscibility of the polymer.
Characterization of polymer solution
Liquid properties such as viscosity, surface tension, density and electrical conductivity were characterized as follows. Viscosity was determined using a U-tube viscometer and a VISCOEASY rotational viscometer. Surface tension was measured using a Kruss Tensiometer. Density was measured using a standard 25 ml density bottle. Electrical conductivity was determined using a HI-8733 conductivity probe. Ethanol was used to calibrate the various instruments mentioned above and all experiments were performed at 228C. The characterized properties are shown in table 1.
Formation of capsules
PFH and PMSQ polymer solution, which are immiscible, were electrosprayed simultaneously to obtain the core-shell structure. The experimental set-up consists of a pair of concentric stainless steel needles, with the inner needle raised by 2 mm above the exit of the outer needle. The inner needle has an inner diameter of 150 mm and an outer diameter of 300 mm. The outer needle has inner and outer diameters of 685 and 1100 mm, respectively. PMSQ solution was introduced through the outer needle, while the inner needle was supplied with PFH. The flow rates of the two liquids were controlled by high-precision programmable syringe pumps (Harvard PHD 4400, Apparatus, Edenbridge, UK). Volume capacity syringes of 10 and 5 ml were separately connected with the inner and outer needles using silicone tubing. The flow rate of syringe 2 (PMSQ solution) was fixed at 650 ml min
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, while the flow rate of syringe 1 (PFH solution) was fixed at 150 ml min
. An electric field (4.5 kV) between the needles and a ring-shaped ground electrode (external and internal diameters of 20 and 15 mm, respectively) was controlled by a high-voltage generator (Glassman Europe Limited, Bramley, UK). The distance from the exit of the outer needle to the ground electrode (the working distance) was fixed at 12 mm in all the experiments. The flow of the liquids under the influence of the electric field was visualized using a video camera (LEICA S6D JVC-colour).
Characterization of capsules
The size of the fabricated particles was studied as-formed by optical microscopy (Nikon Eclipse ME-600, Nikon Co, Tokyo, Japan) and subsequently, after drying, by scanning electron microscopy (SEM; JEOL JSM-6301F field-emission scanning electron microscope). Two millilitre samples of the capsules were collected in liquid and put on glass slides. After drying for 48 h in a desiccator, the dried samples were vacuum-coated with a thin layer of gold for 90 s to obtain SEM images. To calculate the size of the capsules, 200 capsules were analysed from the SEM images. All measurements on the micrographs were carried out using the standard IMAGE-PROPLUS software (Media Cybernetics, L.P. Del Mar, CA, USA).
In order to evaluate the PFH loading content, three samples were kept at 37, 45 and 578C to evaporate the encapsulated PFH, respectively, and were re-weighed every 300 s. The PFH content is defined as the ratio of the actual amount of PFH encapsulated in PMSQ and the actual weight of the capsules (equation 2.1).
PFH content % ð Þ ¼ actual weight of PFH loaded into the capsules actual weight of capsules Â100:
ð2:1Þ
Evans blue dye was used to determine the loading capacity. This PMSQ-dye combination is used as a model in drug-release experiments and generates experimentally verified drug-release profiles, which agree with established drug-release models [22] . The capsules were collected in a solution of evans blue dye that cannot diffuse into the capsules initially because the reservoir is occupied by PFH. By heating the PFH capsules to different temperatures and times, the dye was incorporated in the capsules and the estimation of dye content was carried out by determining the difference in dye concentration before and after heating using an UV spectrometer (UV-2401PC spectrophotometer, Shimadzu). The loading efficiency was defined as the ratio of actual and theoretical amounts of drug encapsulated in the polymer shell:
Load efficiency % ð Þ ¼ actual amount of dye loaded in the capsules theoretical amount of dye loading in the capsules Â100:
ð2:2Þ
In vitro release of dye from polymer capsules was carried out in 20 ml of phosphate buffer ( pH 7.4) under stirring at 100 rpm in a flask. Typically, the temperature of the suspension was kept at 37 + 0.58C. At designated time intervals, the vial was taken out and centrifuged. The supernatants of dye were directly analysed by UV spectroscopy at a wavelength of 611 nm. After each measurement, the release medium was replaced. The concentration of dye in the supernatant was determined by UV absorption, reference to a standard curve. The in vitro release was obtained in release medium of different temperatures (37, 45 and 578C) and analysed following the same procedure for 37 + 0.58C.
RESULTS AND DISCUSSION
The polymer spheres with PFH in the core are stable and sediment in water due to their relatively high density. Figure 1a shows an optical micrograph of these particles in suspension, while figure 1b shows the dried microspheres. A hollow cavity is obtained after PFH evaporation. As shown in figure 1c , the PFH capsules are 1.2 mm in diameter with a narrow size distribution. In this work, the shell thickness of the capsules was kept at 120 + 16 nm. Both capsule size and shell thickness can be easily varied with the processing method used [23] .
In order to first establish the influence of temperature on the PFH capsules, samples were sprayed onto glass slides and incubated at 37, 45 and 578C to evaporate the encapsulated PFH. The capsules were re-weighed at regular intervals (figure 2a). At 378C, the amount of PFH was constant for 1800 s and then slightly decreased. In contrast, at 458C, the percentage of PFH remained constant for 600 s and was fully released after 3000 s. At 578C, all the PFH was lost in 1500 s.
The effect of the storage and release of dye on the structure of PMSQ can be compared by considering the stability of this polymer at the temperatures used in this work. PMSQ capsules were collected in a crosslinker (distilled water) and possessed good mechanical properties and chemical durability [24] . In addition, PFH is an unreactive, immiscible and inert liquid, and does not change the composition of the shell material [23] . After the release of dye molecules, no apparent difference in morphology can be observed within the experimental time span. Furthermore, it has been reported that glass-transition temperature of PMSQ polymers is in the range of 80-1208C [25, 26] , and its coefficient of thermal expansion is approximately 19 Â 10
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8C
[27] and on pyrolysis of PMSQ to ceramic, the first mass loss of PMSQ can be observed only at higher than 1998C [28] .
Suspension of hollow capsules in a solution of the material to be encapsulated results in the yield spontaneous filling of the capsules [29, 30] and different amounts of drug encapsulation can be obtained by varying the size of the hollow spheres [31, 32] . In addition, with our capsules, the capacity for filling depends on the PFH content retained in the capsule. In vitro dye release at 378C from capsules after undergoing different incubation times (t i ) at 458C is shown in figure 2b. For t i ¼ 300 s, no dye release was observed because encapsulated PFH is stable in the polymer shell and the liquid medium. On increase of t i to 1800 s, a sustained release behaviour can be observed accompanied by a steady decrease in the release rate and only 40 per cent of the dye (equation (2.2) ) was released. At t i ¼ 3600 s, after sustained release at a higher rate over 15 days, the amount of total dye release reached 82 per cent. These results are in overall agreement with figure 2b, but also show that the dye content incorporated into capsules is lower than the predicted values which, for example, suggests that dye in the capsules can reach approximately 48 per cent when heated at 458C for 1800 s. The 8 per cent discrepancy is because of the evaporation rate of PFH being faster under ambient conditions than that in solution. In addition, oxygen concentration in the ambient environment can have a significant influence on the evaporation rate of PFH [19] . However, this system exhibits temperature-responsive controllable encapsulation, and therefore offers the ability to incorporate high or low doses of a drug in the capsule. In addition, as discussed above PMSQ is stable at 37, 45 and 578C and does not react with the PFH during the loading and the releasing process. The temperatures used here are much lower than the critical temperature needed to affect the PMSQ shell. Therefore, the dye loading and release processes are dominated by the concentration difference between the core and the sink.
To further quantify the temperature-stimulated release characteristics of the PFH capsules, three sets of capsules, containing different amounts of dye were investigated. Figure 3a -c shows the cumulative dye release of the three systems, which were allowed to absorb dye at 37, 45 and 578C, in each case for 1500 s. Therefore, the starting dye contents (mass %) of these capsules were 0, 35 and 72, respectively. In all cases, release experiments were performed at 37, 45 and 578C. The results clearly show that the three systems exhibited sustained release properties but, crucially the dye-release rates from these systems were different. At ambient temperature, the capsules were stable in the medium and therefore possess good storage characteristics.
If the initial incubation temperature was greater than 378C, dye was released at a faster rate. Thus, at 378C, the maximum dye content released reaches 72 per cent in 11 days for the capsules incubated at 578C. This is because 72 per cent dye in the capsules is released by natural diffusion until equilibrium is reached with respect to the dye content in the capsule and medium [33] . When the temperature of the medium was increased, the dye-release rate from the system increased substantially. The released amount reached 72 per cent after 7 days at 458C, while at 578C, 72 per cent is achieved after 4 days. This difference in release rates is mainly attributed to the fact that PFH is sensitive to the temperature of the medium. At a higher temperature (45 and 578C), the PFH in the capsule is active and this can result in enhanced dye release. However, the total amounts released from the three systems are very similar although the release experiments were carried out at different temperatures. Thus, 72 per cent of the dye was released on incubating at 578C, while at 458C only 35 per cent of the dye was released. A temperature of 378C is not enough to evaporate PFH from the core of the capsules.
Experiments were also conducted to investigate the effect of changing the temperature of the release medium. The dye was infused into the capsule by heating it at 458C for 1500 s. Subsequently, the temperature was increased from 378C to 578C after 2 days to stimulate the PFH for enhanced release and this is crucial in a number of clinical situations [10] . Herein, the release of the dye from the capsules at different temperatures is illustrated in figure 4 . There is a clear and significant enhancement of dye release on increasing the temperature from 37 to 578C, starting with sustained release at 378C. At 578C, the release of the dye is strongly temperature-dependent. The temperature increase triggers the liquid to vapour phase transformation of PFH by inducing thermal instability. Consequently, the PFH in the core of the capsules is activated as demonstrated by a fast release of dye at 578C (figure 4). However, although the mechanism with respect to real-time stimuli-effect has been demonstrated, the operation temperatures are higher than the normal body temperature, but such a strategy can be useful in medical practice, e.g. tumour treatment and stimuli-responsive capsules [34, 35] .
CONCLUSIONS
In this work, we have developed a new system based on temperature-responsive carriers which enables both stimulus-encapsulation and stimulus-release of a drug. The system does not require the use of smart polymers but instead relies on a non-toxic, biocompatible, volatile liquid. The capsule preparation method and encapsulation process is simple and amenable to mass production. The capsules remain stable under storage at normal temperatures in suspension. Hence, we propose that this work offers significant potential benefits for drug-delivery applications and the design of stimuli-responsive systems. Report. Storage and controlled release of drugs M.-W. Chang et al. 455 
